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a b s t r a c t
This work describes the synthesis, hydration and durability behaviorbehavior of -Ca2SiO4 doped with
chromium. -Ca2SiO4 is a component of commercial cement. Rice hull is an agricultural residue contain-
ing about 10% of silica as inorganic constituent. The controlled burning of rice hull was used to obtain this
biogenic silica, used as starting material. In many situations chromium is added during cement prepara-vailable online 12 November 2010
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tion in order to promote encapsulation, at temperatures around 1500 ◦C. The synthesis presented here
is completed at 800 ◦C, causing a substantial reduction in energy consumption. Moreover, chromium is
chemically bonded to cement crystal, which is safer than simple physical encapsulation. Results show
that chromium can be inserted into the structure of -Ca2SiO4 up to 1% (molar ratio). Hydration degree
and durability studies show that insertion of chromium causes no deleterious effects on physical and
chemical properties of these doped materials when compared to -pure Ca2SiO4.ncapsulation
. Introduction
Portlandcement isproduced inalmost every regionof theworld.
ement is an inexpensive material, easily stored and transported;
lso, it can be prepared from a large variety of raw-materials [1]. It
s estimated that world concrete consumption is greater than 5.5
illion tons yearly. Despite those impressive numbers, commercial
ement manufacture causes important environmental problems. It
ccounts for nearly 5–6% of total carbon dioxide emissions [2].
The chemical composition of commercial cement is variable,
ince cement-based materials must satisfy engineering and tech-
ical needs, such as chemical durability and mechanical resistance
3]. Essentially the main components of Portland cement are two
alcium silicates: Ca3SiO5 (≈50% w/w) and-Ca2SiO4 (≈25% w/w).
rom the environmental viewpoint, -Ca2SiO4 presents many
dvantages over Ca3SiO5. It can be prepared using lower amounts
f raw-materials (minimizing carbon dioxide release) and it can be
ynthesized at lower temperature. In this sense, the production of
ements containing higher amounts of-Ca2SiO4 is very promising
4,5].
Rice hull is a renewable biomaterial, very abundant inmany dif-
erent countries, such as Brazil, China and India. It contains silica
SiO2) as the major inorganic component (usually around 10–30%
/w) and organic compounds such as lignin and cellulose [6]. In
any underdeveloped countries, the most common procedure is
he burning of rice hull at rice ﬁelds; this practice may cause many
∗ Corresponding author. Tel.: +55 11 47987102; fax: +55 11 47987102.
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environmental and health problems, due to production of partic-
ulate material. On the other hand, the separation of inorganic and
organic components is relatively simple, suggesting that the inor-
ganic material (SiO2) could be used in productive processes. This
biogenic silica shows a high potential in the synthesis of several
silicates, due to low cost and availability.
In earlier works Rodrigues [7,8] developed a method for the
synthesis of -Ca2SiO4 using silica derived from rice hull as start-
ing material. The method combines sonochemical and solid-state
chemical reactions. The synthesis was completed at 800 ◦C. The
utilization of an agricultural residue to produce cementitiousmate-
rials is a very interesting aspect, since it may contribute to avoid
air and soil contamination. Furthermore, the valorization of by-
products is an important trend in productive processes [9,10].
Additionally, the utilization of -Ca2SiO4 as cement requires
further information regarding physical and chemical properties.
A fundamental aspect in cement chemistry is the hydration pro-
cess, i.e., the chemical reactions between anhydrous calcium
silicates and water, rendering a hydrated material. For instance,
the development of mechanical resistance is directly dependent on
hydration rate and so, it plays an important role in order to under-
stand and assure that these materials can be functional [11]. In the
case of -Ca2SiO4 hydration rate is a crucial aspect, since Ca3SiO5
hydrates much faster [1,12].
This work presents the synthesis, hydration and durability
Open access under the Elsevier OA license.behavior of -Ca2SiO4 doped with chromium. Chromium was cho-
sen as dopant for several reasons. In the ﬁrst place, chromium
compounds can be mechanically stabilized into concrete and
mortar structures. The solidiﬁcation/stabilization method is used
as remediation process, to avoid environmental contamination
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Table 1
Experimental conditions used to prepare specimen tests for durability studies.
Mortars Commercial Doped w/c Cement/sand
was investigated using X-ray diffraction. Several concentrations of
chromium were studied, varying from 1 to 10% (molar ratio). It
was found that the maximum amount of chromium that could be
inserted into the crystalline structure of -Ca2SiO4 was limited to
1%. Fig. 1 shows the X-ray patterns for the sample containing 1 and
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13,14]. In many situations, physical entrapment is responsible for
he stabilization of hazardous components. In the method pre-
ented here, physical and chemical stabilization processes may
ccur, since chromium is chemically bounded to a crystalline struc-
ure, enhancing stabilization process. In addition, the effect of
hromium on hydration and durability of -Ca2SiO4 is also pre-
ented.
. Materials and methods
Rice hull was used as the natural source of silica. Silica was
btained by slow heating of rice hull at 600 ◦C. The silica was
ashed several times with distilled water to remove minor sol-
ble salts. This biogenic silica was characterized by infrared and
-ray diffraction, and is partially amorphous, presenting a sur-
ace area of 20m2 g−1. Calcium oxide (Nuclear), barium chloride
Vetec), chromiumoxide (Nuclear), analytical grade reagents, were
sed without further puriﬁcation. Barium chloride was used in
mall proportion (2%, molar ratio, in relation to calcium oxide)
n order to stabilize the -phase [7,8]. Chromium oxide was used
o replace calcium oxide in the following proportions: 1, 2, 4, 5
nd 10% (molar ratio). The solids, in stoichiometric proportions,
ere mixed together and aqueous suspensions were obtained,
ith ratio water:solids of about 20:1 (w/w). The suspensions were
reated in an ultrasonic bath (Thornton, 25kHz) for 60min and
ried overnight at 100–110 ◦C. After this treatment, an interme-
iate silicate and unreacted material was obtained. These solids
ere calcined at 800 ◦C for 3h. According to chemical composi-
ion, after this procedure, the synthesis was completed. The solids
ere characterized by X-ray diffraction (Shimadzu, XRD 6000, Cu
 radiation, 50kV and40mA). AFM images (Shimadzu, SPM9600)
ere obtained using dynamic mode. Prior to analysis, the pow-
eredmaterialwaspressed into circular discs to facilitate the image
cquisition.
Thermogravimetric analysis (TGA) was used to evaluate the
ydration rate of -Ca2SiO4 and doped -Ca2SiO4. Analyses were
arriedout undernitrogenatmosphere, using aheating rate of 20 ◦C
er min. Initially, 1 g of each solid was mixed with 0.5 g of distilled
ater, freshly boiled. Samples were kept at room temperature and
00% of relative humidity in sealed containers to avoid contami-
ation. Prior to analysis, the samples were treated with acetone to
top hydration [15]. In all cases, at least 3 individualmeasurements
ere performed.
Hydration rate can be determined using the following equation:
Ca2SiO4 +4H2O → Ca3Si2O7·3(H2O) + Ca(OH)2
The amount of calcium hydroxide generated is proportional to
ydration rate [16]. In this sense, thermal decomposition of cal-
ium hydroxide is used to estimate hydration degree, as presented
elow.
a(OH)2
−→CaO + H2O
Durability plays a fundamental role in the utilization of mate-
ials for construction. In order to perform these studies, test
pecimenswerepreparedandsubmitted to situations that simulate
nvironmental and aggressive exposure conditions.
.1. Test specimen preparationIn all experiments, test specimens were prepared using
ater/cement ratio of 0.50 (w/w) and a ratio cement to sand of 1:3
w/w). Cylindrical test specimens were prepared having a diame-
er of 3 cm and height of 5 cm. Cement, sand and distilled water
ere mixed together in order to render a fresh paste, molded intocement -Ca2SiO4 (%) ratio
Control 100 0 0.55 1:3
Blended 80 20 0.55 1:3
polyethylene ﬂasks, and cured for 28 days at room temperature and
100% of relative humidity, prior to experiments.
Durability studies were conducted in a comparative way. In all
experiments, two kinds of test specimens were prepared: “control
samples”,whereonly commercial cement (Tupi, CP IV)wasusedand
“blended materials” where -Ca2SiO4 doped with chromium was
used to replace 20% (w/w) of commercial cement. Table 1 summa-
rizes the experimental conditions used to prepare test specimens
for durability studies.
2.2. Total water absorption, capillary absorption and resistance
to acid tack
After the 28-day curing time, test specimens were dried for 48h
at 100–110 ◦C, until constant weight, in order to remove the excess
of water. Total water absorption was determined by re-immersion
of test specimens in water and veriﬁed the mass variation. Results
are average of at least 5 individual measurements. This experiment
gives information about the porosity of each sample. In capillary
absorption experiments, test specimens were put in contact with
water, only by the inferior surface. Under these circumstances,
water absorption was due mainly to capillary rise.
In acidic attack, the test specimens were initially immersed into
water, to determine their saturatedmass. After this, test specimens
tests were immersed in solutions of HCl 0.01mol L−1, and the mass
variation was determined as a function of time.
3. Results and discussion
The synthesis of dicalcium silicates doped with chromium50454035302520
2θ
Fig. 1. X-ray diffractionpatterns for-Ca2SiO4 and-Ca2SiO4 dopedwith 1% and2%
of chromium prepared at 800 ◦C (*, -Ca2SiO4 characteristic peaks; , unidentiﬁed
phase).
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% of chromium along with the “pure” -Ca2SiO4. It can be seen
hat the addition of Cr (2%) renders a mixture of phases.
When higher concentrations of chromium (from 2 to 10%) were
sed the crystalline structure (-phase) could not be preserved,
endering complexmixtures of calcium silicates and unreacted cal-
ium and chromium oxides. Preliminary studies showed that these
olids do not present hydraulic activity and could not be used as
ement.
The level of insertion of substituent species into the crystalline
tructure of -Ca2SiO4 seems to be dependent on the nature of the
xide used during the process [17,18]. Also, it should be pointed
ut that literature reports some works dealing with the insertion
f metals into the crystalline structure of-Ca2SiO4 [19–21]. How-
ver, since the syntheses of these materials were performed in
ifferent ways, a direct comparison between results is not a sim-
le task. It seems that there is a maximum limit to insert different
toms into the crystalline structure of -Ca2SiO4. Considering the
nitial results, all the remaining experimentswere carried out using
nly -Ca2SiO4 and -Ca2SiO4 doped with 1% of chromium.
Atomic force microscopy (AFM) images were used to character-
ze the particles of pure dicalcium silicate and dicalcium silicate
oped with 1% of chromium. Fig. 2 displays AFM images of selected
reas, Fig. 2a and c presents a larger view (10m×10m) while
ig. 2b and d shows smaller regions (2m×2m). The examina-
ion of Fig. 2 shows that the surface of these materials presents
any irregularities and high rugosity. Regarding physical prop-
rties [22], the presence of signiﬁcant roughness improves thereas correspondent to 10m×10m and (b) and (d) detailed view: 2m×2m.
contact between the solid andwater (wetting behavior)whichmay
facilitate hydration process, an important parameter in terms of
technological application. When detailed regions (Fig. 2b and d)
are analyzed, similar trends can be better observed: the surface
proﬁle is quite variable, showing many small agglomerates with
dissimilar diameters. It should be pointed out that several images
were acquired and those presented here, were selected since they
represent the entire sample.
An important issue associated to -Ca2SiO4 and related-
cements is the hydration rate. For instance, Ca3SiO5, the major
component of Portland cement hydrates faster than -Ca2SiO4. In
this work we followed hydration process using thermogravimet-
ric analysis (TGA). Hydration degrees for -Ca2SiO4 and -Ca2SiO4
doped with 1% of chromium are presented in Fig. 3. It can be seen
thatbothcalciumsilicatespresentabout the samehydrationbehav-
ior. Furthermore, hydration rate for -Ca2SiO4, after 60 days, is
comparable to those found in literature [23].
It is important to note that the insertion of chromium does not
delay the hydration process. Most of the works in this area have
dealt with the addition of dissolved metals in water, to promote
the hydration of calcium silicates. Here in contrast, chromium is
part of the chemical structure of the silicate. For instance, the addi-
tion of calcium salts tends to accelerate the hydration of-Ca2SiO4
[24]. Similar behavior was observed when solutions of chromium
nitrate were added to -Ca2SiO4 [25]. However, the effect of other
metals can be far complex. Cadmium and lead salts tend to retard
the process [26].
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Fig. 3. Hydration degree for -Ca2SiO4 and -Ca2SiO4 doped with 1% of chromium.
Table 2
Total water absorption for test specimen prepared with commercial cement (con-
trol) and specimen test prepared with -Ca2SiO4 doped with 1% of chromium.
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Material Water absorption
Control 7.02 ± 0.63
Blended material 7.08 ± 0.71
Durability studies are also of fundamental importance to evalu-
te possible use of these cement-based materials. All experiments
ere conducted using two sets of test specimens: “control” (com-
ercial cement) and “blended”material (material composedof 80%
f commercial cement and 20% of -Ca2SiO4 doped with 1% of
hromium). Hereafter, for the sake of simplicity, these materials
ill be named “control” and “blended material”.
Initial assessment of porositywas performedbymeasuring total
ater absorption (Table 2) and capillary absorption (Fig. 4).
In both experiments, it was not observed any signiﬁcant change
etween control and blended material. These preliminary results
ndicate that the utilization of cements doped with chromium
oes not inﬂuence porosity of test specimens. Total and capillary
orosity are important parameters that control the permeation
roperties of solids and mechanical resistance [27]. For instance,
ost of degradation processes occurring in concrete structures are
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Fig. 5. Acidic attack: mass variation for test specimens: control and blended mate-
rial.
due to the percolation of dissolved ions and/or gases and are closed
related to porosity and pore size distribution [3].
Acidic attack experiments were carried out to evaluate the
performance of these materials under aggressive environments.
For example, acid rain and the presence of carbon dioxide are
increasingly important deleterious processes occurring in civil
construction [28,29]. Once again, as displayed in Fig. 5, the perfor-
mance of test specimens containing -Ca2SiO4 doped with 1% of
chromium is similar to commercial cements. Comparable results
were obtained for systems containing titanium oxide [30].
These results are very important in terms of solidiﬁcation and
stabilization processes. The method is very useful to permanently
immobilize hazardous wastes derived from human activity. In
order to accomplish it, concrete or mortars must present low
permeability and resistance toaggressiveenvironments. Theexam-
ination of porosity and resistance to acidic attack shows that partial
replacement (20%w/w) of commercial cement by-Ca2SiO4 doped
with 1% of chromium causes no damaging effect on the properties
associated to durability.
It is important to mention that cement industry experiences
many difﬁculties in terms of sustainability, such as the intensive
use of energy and raw-materials. In addition, the production of
cement is a heavy-polluter process, generating great amounts of
carbon dioxide and organic pollutants [31,32]. In this sense, new
processes and technologies, as presented in thiswork, can be useful
to minimize these problems.
4. Conclusions
The synthesis of -Ca2SiO4 doped with 1% of chromium can
be accomplished at 800 ◦C, using rice hull as the source of silica.
Comparatively, commercial Portland cement is prepared at tem-
peratures around 1500 ◦C. On the other hand, if the concentration
of chromium is higher (from 2 up to 10%) the synthesis was not
completed, rendering a mixture of solids.
AFM images were used to characterize the morphology of -
Ca2SiO4 doped with 1% of chromium. It was observed that this
material presents a highly irregular surface.
The hydration degree of -Ca2SiO4 and -Ca2SiO4 doped with
1% of chromium are very similar, showing that insertion of
chromium does not slow down the process.
Durability testes show that the partial replacement of commer-
cial cement by -Ca2SiO4 doped with 1% of chromium does not
interfere with the performance of test specimens.
zardou
A
(
E
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
2261.R.P. Amorim et al. / Journal of Ha
cknowledgements
To Fundac¸ão de Amparo à Pesquisa do estado de São Paulo
FAPESP, grant # 2005/01361-0) and Fundac¸ão de Amparo ao
nsino e Pesquisa (FAEP/UMC) by ﬁnancial support.
eferences
[1] F.M. Lea, Chemistry of Cement and Concrete, Chemical Publishing Company,
Inc., New York, 1971.
[2] D.N. Huntzinger, T.D. Eatmon, A life-cycle assessment of Portland cementman-
ufacturing: comparing the traditional process with alternative technologies, J.
Cleaner Prod. 17 (2009) 668–675.
[3] P.K.Mehta, P.J.M.Monteiro, ConcreteMicrostructure, Properties andMaterials,
Mcgraw-Hill, New York, 1993.
[4] W. Kurdowski, S. Duszak, B. Trybalska, Belite produced by means of low-
temperature synthesis, Cem. Concr. Res. 27 (1997) 51–62.
[5] C.D. Popescu, M. Muntean, J.H. Sharp, Industrial trial production of low energy
belite cement, Cem. Concr. Compos. 25 (2003) 689–693.
[6] L.B. Paiva, F.A. Rodrigues, Productive use of agricultural residues: cements
obtained from rice hull ash, in: E. Lichtfouse, J. Schwarzbauer, D. Robert (Eds.),
Environmental Chemistry, Springer, 2005, pp. 621–629.
[7] F.A. Rodrigues, Low-temperature synthesis of cements from rice hull ash, Cem.
Concr. Res. 33 (2003) 1525–1529.
[8] F.A. Rodrigues, Synthesis of chemical and structurally modiﬁed dicalcium sili-
cate, Cem. Concr. Res. 33 (2003) 823–827.
[9] E. Deydier, R. Guilet, S. Cren, V. Pereas, F. Mouchet, L. Gauthier, Evaluation of
meat and bone meal combustion residue as lead immobilizing material for
in situ remediation of polluted aqueous solutions and soils: “Chemical and
ecotoxicological studies”, J. Hazard. Mater. 146 (2007) 227–236.
10] J. Péra, J. Ambroise, M. Chabannet, Valorization of automotive shredder residue
in building materials, Cem. Concr. Res. 34 (2004) 557–562.
11] P.C. Aι¨tcin, Cements of yesterday and today – concrete of tomorrow, Cem.
Concr. Res. 30 (2000) 1349–1359.
12] H.F.W. Taylor, Cement Chemistry, Academic Press, London, 1997.
13] Q.Y. Chen, M. Tyrer, C.D. Hills, X.M. Yang, P. Carey, Immobilisation of heavy
metal in cement-based solidiﬁcation/stabilisation: a review, Waste Manage.
29 (2009) 390–403.14] J. Zhang, J. Liu, C. Li, Y. Jin, Y. Nie, J. Li, Comparison of the ﬁxation effects of
heavy metals by cement rotary kiln co-processing and cement based solidiﬁ-
cation/stabilization, J. Hazard. Mater. 165 (2009) 1179–1185.
15] N.C. Collier, J.H. Sharp, N.B. Milestone, J. Hill, I.H. Godfrey, The inﬂuence of
water removal techniques on the composition and microstructure of hardened
cement pastes, Cem. Concr. Res. 38 (2008) 737–744.
[
[s Materials 186 (2011) 497–501 501
16] J.S. Romano, F.A. Rodrigues, L.T. Bernardi, J.A. Rodrigues, N. Segre, Calcium sili-
cate cements obtained from rice hull ash: a comparative study, J. Mater. Sci. 41
(2006) 1775–1779.
17] J.S. Romano, P.D. Marcato, F.A. Rodrigues, Synthesis and characterization of
manganese oxide-doped dicalcium silicates obtained from rice hull ash, Pow-
der Technol. 178 (2007) 5–9.
18] M. Mahfouz, M.S. Miranda, M.B.R. Oliveira, F. Cassiola, F.A. Rodrigues, Biogenic
cements from rice hull ash doped with aluminum and iron, Chemosphere 73
(2008) 832–836.
19] K. Fukuda, I. Maki, K. Adachi, Structure change of Ca2SiO4 solid–solutions with
Ba concentration, J. Am. Ceram. Soc. 75 (1992) 884–888.
20] K. Fukuda, I. Maki, S. Ito, Thermal hysteresis for the alpha’(L) <-> beta trans-
formations in strontium oxide-doped dicalcium silicates, J. Am. Ceram. Soc. 79
(1996) 2969–2970.
21] Y.-L. Chen, P.H. Shih, L.C. Chiang, Y.K. Chang,H.C. Lu, J.-E. Chang, The inﬂuence of
heavymetals on the polymorphs of dicalcium silicate in the belite-rich clinkers
produced from electroplating sludge, J. Hazard. Mater. 170 (2009) 443–448.
22] W.A. Adamson, A.P. Gast, Physical Chemistry of Surfaces, John Wiley & Sons,
New York, 1997.
23] S. Mindess, J.F. Young, Concrete, Prentice-Hall, New Jersey, 1981.
24] H. El-Diamond, A.M. Sharara, I.M. Helmy, S.A. El-Aleem, Hydration characteris-
tics of beta-C2S in the presence of some accelerators, Cem. Concr. Res. 8 (1996)
1179–1187.
25] K. Lin, J.-N. Chen, C.-C. Lin, AnNMRandXRD study of solidiﬁcation/stabilization
of chromium with portland cement and beta-C2S, J. Hazard. Mater. 48 (1996)
137–147.
26] W. Nocun´-Wczelik, J. Malołepzy, Application of calorimetry in studies of the
immobilization of heavy metals in cementitious materials, Thermochim. Acta
269/270 (1995) 613–619.
27] J.D. Birchall, A.J. Howard, K. Kendall, Flexural strength and porosity of cements,
Nature 289 (1981) 388–390.
28] M.A.G. Tommaselli, N.A.Mariano, S.E. Kuri, Effectiveness of corrosion inhibitors
in saturated calcium hydroxide solutions acidiﬁed by acid rain components,
Construct. Build. Mater. 23 (2009) 328–333.
29] S. Xie, L. Qi, D. Zhou, Investigation of the effects of acid rain on the deterioration
of cement concrete using accelerated tests established in laboratory, Atmos.
Environ. 38 (2004) 4457–4466.
30] J.S. Romano, F.A. Rodrigues, Titanium-bearing dicalcium silicates from rice
hull ash: synthesis and properties, J. Am. Ceram. Soc. 90 (2007) 2259–31] A. Horvath, Construction materials and the environment, Annu. Rev. Environ.
Resour. 29 (2004) 181–204.
32] K.Morsli, A.G. Torre, S. Stöber,A.J.M.Cuberos,M.Zahir,M.A.G.Aranda,Quantita-
tive phase analysis of laboratory-active belite clinkers by synchrotron powder
diffraction, J. Am. Ceram. Soc. 90 (2007) 3205–3212.
